Most rhizobia contain two glutamine synthetase (GS) enzymes: GSI, encoded by glnA, and GSII, encoded by glnil. We have found that WSU414, a Rhizobium meliloti 104A14 glutamine auxotroph derived from a glnA parental strain, is an ntrA mutant. The R. meliloti glnII promoter region contains DNA sequences similar to those found in front of other genes that require ntrA for their transcription. No GSII was found in the glnA ntrA mutant, and when a translational fusion ofgillI to the Escherichia coli lacZ gene was introduced into WSU414, no 0-galactosidase was expressed. These results indicate that ntrA is required for glnII expression. The ntrA mutation did not prevent the expression of GSI. In free-living culture, the level of GSII and of the glnII-lacZ fusion protein was regulated by altering transcription in response to available nitrogen. No GSII protein was detected in alfalfa, pea, or soybean nodules when anti-GSII-specific antiserum was used.
Most gram-negative bacteria have only one glutamine synthetase (GS), but two distinct GS proteins are found in many bacterial species that are associated with plants, including Rhizobium and Bradyrhizobium species (11, 12) , Agrobacterium species (16) , and Frankia species (15) . GSI (encoded by gInA) is similar to the GS found in other bacteria (8, 11, 38) , but GSII (encoded by glnII) is more closely related to the enzyme found in eucaryotes (7; R. G. Shatters and M. L. Kahn, J. Mol. Evol., in press). Why this second enzyme is uniquely found in plant-associated bacteria is unclear; although very different in size and structure, the two GS enzymes have similar affinities for their substrates and synthesize glutamine at similar rates (11) . Inactivation of either Rhizobium gene by mutation does not block nodulation or nitrogen fixation (9, 37; J. Somerville, R. Shatters, and M. Kahn, submitted for publication), and inactivation of either Agrobacterium gene does not affect virulence (36) .
The most striking difference between GSI and GSII is how the enzymes are controlled in response to nitrogen availability. The activity of GSI is altered posttranslationally by adenylylation, but the level of the protein remains relatively constant (11, 25, 26 ). In contrast, the level of GSII enzyme activity is different in bacteria grown on different nitrogen sources (6, 11, 20, 29) or at different oxygen concentrations (1, 33) ; this effect has been ascribed to transcriptional control of glnII.
Regulation of procaryotic GS activity is best characterized in the enteric bacteria that have a single GSI-type enzyme (24, 28) . This GS is regulated both transcriptionally and by adenylylation of the protein in response to available nitrogen. Transcription is controlled by the nitrogen regulatory system (ntr system), which also regulates the synthesis of various enzymes involved in nitrogen uptake and metabo-lism (24, 28) . Three genes involved in the ntr system are ntrA (rpoN), which encodes an alternate RNA polymerase sigma subunit (18, 19) ; ntrC, which encodes a regulatory protein (NRI) that can act as both a transcriptional repressor and an activator (18, 19, 30, 34) ; and ntrB, which encodes a kinasephosphatase activity that modifies NRI (30) . In the enteric bacteria, mutations in any of these genes lead to glutamine auxotrophy (24, 28) . In Rhizobium species, the role of the ntr system in the control of ammonia assimilation is not as clear. R. meliloti 1021 ntrA (35) and ntrC (39) mutants have been isolated, but neither mutant is a glutamine auxotroph.
To understand the role GSII might play in rhizobial nitrogen metabolism, we found mutants that were unable to express GSII, by isolating glutamine auxotrophs derived from an R. meliloti glnA mutant (38a) . We report here that one of the mutants we isolated is defective in the Rhizobium equivalent of the ntrA gene. This observation, together with the recent work of Martin et al. (29) showing that the ntrC gene is involved in regulating GSII in B. japonicum, indicates that GSII is controlled in the rhizobia by a regulatory system similar to that of enteric bacteria. By using a fusion of glnlI to the Escherichia coli 3-galactosidase gene, we show that the activation of glnII transcription is consistent with regulation by the ntr system. By using antibodies to GSII, we also show that the GSII protein is induced when cells are grown on poor nitrogen sources. These antibodies are unable to detect GSII protein in alfalfa, pea, or soybean nodules.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed and described in Table   1 .
Media and chemicals. All the media used in this study have been previously described (38) . Affi-Gel Blue agarose (BioRad Laboratories, Richmond, Calif.) and DEAE-cellulose (Whatman, Inc., Clifton, N.J.) were used in GSII purification. Proteins transferred to nitrocellulose were detected by using goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase (Sigma Chemical Co., St. Recombinant DNA techniques. The recombinant DNA methods used in this study have been described previously (22) . Restriction enzymes were purchased from various commercial sources, and digests were carried out as specified by the manufacturers. Restriction fragments were isolated either by cutting the appropriate bands out of an agarose gel and extracting them with phenol (4) or by using low-melting-temperature SeaPlaque agarose for in-gel ligation, as described by the manufacturer. DNA sequences were determined by using the dideoxynucleotide termination method with T7 DNA polymerase supplied in the Sequenase kit from U.S. Biochemicals, [ot-35S]dATP from Du Pont, NEN Research Products, Boston, Mass., and single-stranded M13 DNA templates (40) . The sequence was determined for both strands and across each cloning site. Sequence analysis was carried out by using the University of Wisconsin Sequence Analysis software package (13) with the assistance of Susan Johns and the Washington State University Visualization, Analysis and Design in the Molecular Sciences center.
Restoring the wild-type glnA gene in R. meliloti WSU414. Plasmid pJS36, which contains the wild-type glnA gene (38) , was transduced into R. meliloti WSU414(pPH1JI) by using the P2 encapsidation procedure described previously (38) . We screened for replacement of the mutant glnA210 allele on the chromosome with the wild-type allele by using Southern blotting (38) . g1nA+ recombinants were isolated as streptomycin-resistant, gentamicin-resistant, tetracycline-sensitive colonies.
Construction of the glnII::IacZ trlnslational fusion. The codon for amino acid 28 of gInlI was fused to the codon for amino acid 6 of the E. coli lacZ gene (Fig. 1) Enzyme assays. Glutamine synthetase activity was measured by using the transferase assay (38) . 3-Galactosidase activity in cells that had been permeabilized with toluene was measured by using the hydrolysis of o-nitrophenyl-
P-D-galactopyranoside (ONPG) (23).
GSII protein purification. pRS11, a plasmid that expresses the ginHI gene at a high level, was constructed by cloning the 1.5-kb HindlIl-BamHI fragment from pJS73 that contains ginII (38a ) downstream from the lac promoter in pUC18. In ET8051, an E. coli glutamine auxotroph (27) ntrA is not required for expression of glnA. WSU414, the ntrA mutant we isolated, also contains a gInA mutation. To determine whether ntrA was required for ginA expression, we recombined the wild-type glnA gene back into the R. meliloti WSU414 genome as described in Materials and Methods. The resulting strain, WSU415, was not a glutamine auxotroph and had significant heat-stable GS activity (data not shown).
ntr control sequences are present in the glnII promoter region. We have sequenced the R. meliloti gInII gene (Shatters and Kahn, in press). The upstream region (Fig. 3) contains an 18-bp sequence that is very similar to the general ntr consensus sequence (2, 14) and, in particular, to the version of this sequence found in the B. japonicum glnII promoter (9) ( Table 2 ). In this sequence the highly conserved bases were located in two groups centered at -24 and -12 with respect to the transcriptional start site. From this we have inferred the start of R. meliloti ginII transcription, as indicated in Fig. 3 and Table 2 .
An upstream activator sequence (termed the NRI consensus) is also required for NRI-mediated transcriptional activation in members of the family Enterobacteriaceae (17, 22, 32) . Carlson et al. (9) found a potential NRI consensus sequence between -103 and -119 in the B. japonicum gInII promoter. The R, meliloti ginII promoter has a similar potential NRI consensus between -98 and -114 ( Fig. 3 ; Table 2 ). In E. coli, NRI consensus sequences are functional up to 2 kb upstream from the start of transcription (34) , so a precise distance between NRI and the start of transcription is not critical for function.
GSII activity of free-living R. meliloti 104A14 is transcriptionally controlled in response to available nitrogen. A translational fusion of the glnHI gene to the coding sequence for Pgalactosidase was constructed in pRS21-1 (Fig. 1) to investigate how ginII transcription is controlled. Minimal mannitol media containing either NH4Cl or glutamate as a nitrogen source were inoculated with either wild-type R. meliloti or R. meliloti(pRS21-1), and the 3-galactosidase activity in cultures in the late stage of logarithmic growth was determined. R. meliloti 104A14(pRS21-1) grown with glutamate as the nitrogen source contained 6,300 U of P-galactosidase activity, compared with 500 U when ammonia was the nitrogen source. A background activity of 2 U was observed for R. meliloti 104A14 lacking pRS21-1. WSU414(pRS21-1) and WSU415(pRS21-1) had only background levels of 3- galactosidase activity when the cells were grown on either glutamate or ammonia (data not shown). This result is consistent with the idea that ntrA is needed for gInIlI transcription.
Genes regulated by the enteric ntr system are typically repressed after ammonia is added (24, 28) . To determine the u31<- (2, 14, 17) . The NRI consensus is an upstream activator sequence shown to be the binding site of the NRI protein (24, 28) . The ntr consensus (indicated as ntr) is required for transcription dependent on NtrA, an alternative RNA polymerase sigma subunit (18, 19) . The question mark marks the proposed site of the start of transcription as determined relative to the ntr consensus. The asterisks indicate a potential Shine-Dalgarno sequence. Bases are numbered starting at the proposed transcriptional start site. effect on gin!! transcription of adding ammonia to glutamategrown cells, we diluted stationary-phase cultures of R. meliloti 104A14 and R. meliloti 104A14(pRS21-1) in minimal mannitol medium containing glutamate. Replicate cultures were grown to the mid-log phase, and NH4Cl was added to one of the replicates to give a final concentration of 15 mM. The cultures were grown for a further 10 h, and samples were taken at intervals to determine 3-galactosidase activity (Fig. 4) . After the addition of ammonia, ,B-galactosidase specific activity decreased steadily, indicating that gin!I promoter activity was lower when ammonia was available.
This conclusion is similar to that reached with B. japonicum (11), R. phaseoli (6) , and Rhizobiium sp. strain ANU289 (20) . In all of these studies, GSII transferase activity decreased after ammonia was added to glutamate-grown cultures. We also measured GS transferase activity in our experiments and found that although the pattern of our results was qualitatively similar to that seen with the 3-galactosidase assays, the specific activity of GS varied significantly with the concentration of protein in the assay. We were therefore unable to quantitatively confirm the results cited above.
Detection of the GSII protein in free-living cells and bacteroids of R. meliloti. To study the level of GSII protein in free-living cells and bacteroids of R. meliloti, we purified GSII protein and used it to prepare anti-GSII antiserum. When this antiserum was used to stain Western blots, a band at approximately 36 kilodaltons, the size of the GSII monomer (7, 11 ; Shatters and Kahn, in press), was visible in extracts prepared from glutamate-grown cultures of R. meliloti 104A14 or GLN210 (glnA) but not cultures of WSU660 (glnII) (Fig. 5) . When 104A14 and GLN210 were grown on ammonia as the nitrogen source, the intensity of this band decreased substantially (data not shown). These data are consistent with the results obtained with the ginII::lacZ fusion.
The anti-GSII antiserum was also used to probe Western blots of crude extracts from alfalfa, soybean, and pea nodules (Fig. 5) Azotobaciter species, Rhizobiium niif promoters, and two Pselidomollas species.
The Rhizobium nif consensus was deduced by comparing 13 Rhizobiumn nif and fix promoters. dThe R. meliloti ginlIl transcriptional start site has not been determined; this placement was assigned by using the consensus sequence for alignment. eThis sequence was deduced by comparing nttrC activated promoters in K. pneumtloniite, the rhizobia, and E. coli. could be detected in isolated bacteroids (11) , but it is difficult to reconcile with the results of Martin et al. (29) , who recently showed that high levels of glnII mRNA are present in B. japonicum bacteroids isolated from soybean nodules. It is possible that glnII is transcribed but not translated or that GSII is not stable in nodules. DISCUSSION It has been suggested that the gin!! gene is regulated by nitrogen availability by using a regulatory system similar to that of enteric bacteria. However, the most direct evidence that NtrA is required in the expression of genes involved in intermediary nitrogen metabolism is that an R. meliloti ntrA mutant is unable to grow with nitrate as its sole nitrogen source (35) . We have shown here that a functional R. meliloti ntrA gene is required for the expression of the R. meliloti GSII protein, that there is a potential ntr consensus sequence and an NRI upstream activator sequence in the gin!I promoter region, that the glnII promoter is ntrA dependent, and that it is regulated in response to nitrogen availability. This is strong evidence that ntrA is required for the expression of a gene involved in intermediary nitrogen metabolism in R. meliloti. Since ntrA was not required for the expression of GSI, our ntrA mutant was not a glutamine auxotroph.
The R. meliloti 104A14 ntrA mutant, WSU414, has the same phenotypes attributed to a R. meliloti 1021 ntrA mutant (35 Transcription of gin!I was affected by the form of nitrogen available. In experiments with anti-GSII antiserum, GSII protein levels were higher when glutamate was substituted for ammonia as the nitrogen source. In cells containing a translational fusion that put E. coli lacZ under the control of the gln!I promoter, 3-galactosidase activity was high when glutamate was the nitrogen source but low when ammonia was present. After ammonia was added to glutamate-grown cells containing the gene fusion, 3-galactosidase specific activity decreased steadily. This decline is similar to that seen when GSII enzymatic activity is assayed in response to ammonia addition (6, 11, 20) , but more directly indicates that changes in transcription are responsible for the decrease.
The inability to detect GSII protein in nodules when using antiserum against GSII suggests that GSII activity in the bacteroids is repressed either by low oxygen levels or by the presence of ammonia. This result is consistent with previous results showing low levels of GSII activity in nodules (10) and under microaerobic conditions (33), but, unless there is posttranscriptional regulation, it is not consistent with the recent report (29) that glnII is actively transcribed in nodules.
In our experiments, ntrA was needed for the expression of glnII, a gene apparently repressed in bacteroids. It had previously been shown that ntrA is needed for the expression of dctA, a gene expressed in bacteroids (35) 
